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Cytosolic thioredoxins are small conserved proteins that are involved in cellular redox regulation.
Here, we report that a major and cold-induced thioredoxin h of rice, OsTrx23, has an inhibitory
activity on stress-activated mitogen-activated protein kinases (MAPKs), OsMPK3 and OsMPK6 in
vitro. This inhibition effects were redox-dependent and did not involve stable physical interaction.
The data suggested a novel mechanism for redox regulation of MAPKs in plants.
Structured summary:
MINT-7234362:MPK3 (uniprotkb:Q10N20) phosphorylates (MI:0217)MBP (uniprotkb:P02687) by protein
kinase assay (MI:0424)
MINT-7234435:MPK6 (uniprotkb:Q336X9) phosphorylates (MI:0217)MBP (uniprotkb:P02687) by protein
kinase assay (MI:0424)
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Thioredoxin (Trx) is a small (12–14 kDa), heat-stable and ubiq-
uitous thiol-disulﬁde oxidoreductase with two conserved redox-
active half-cysteine residues, Cys-X–X-Cys, in an active site [1].
Two cysteine residues in the active site provide sulfhydryl groups
that are involved in a reducing activity. The reduced form of thio-
redoxin, Trx–(SH)2, reduces disulﬁde bonds of target proteins,
while the oxidized form, Trx–S2, contains a disulﬁde bond within
the active site, which is reduced to Trx–(SH)2 dithiol by NADPH
and Trx reductases [2].
In plants, six different types (m, f, x, y, o and h) of Trxs have been
described according to their function and localization within the
cell. The type h Trx is assumed to be localized to the cytoplasm
and mitochondria, and is reduced by mitochondrial or cytoplasmic
NADPH-dependent thioredoxin reductases (NTR) [3,4]. NTRs belong
to a superfamily of ﬂavoprotein disulﬁde oxidoreductases [5] and
transfer electrons from NADPH to the active site disulﬁde bonds
of oxidized Trx h via FAD [6]. Plant Trx h proteins are implicatedchemical Societies. Published by E
ogenase; GST, glutathione S-
e; MAPK, Mitogen-activated
DPH-dependent thioredoxin
uffered salinein many cellular processes, including protein folding, protein repair
after damage by oxidation, sulfur metabolism, and regulation of
transcription factors [2]. Trx h proteins are also involved in plant
development and stress responses, such as seed germination and
early seedling development [7], self-incompatibility reactions [8]
and oxidative stress [9]. In rice, thirty potential thioredoxin-encod-
ing genes (OsTrxs) have been identiﬁed; nine genes of which were
predicted to encode Trx h [10]. Meanwhile, eleven thioredoxin h
genes have been recently identiﬁed in Arabidopsis [2].
A highly conserved and ubiquitous mitogen-activated protein
kinase (MAPK) pathway can transduce external stimuli into cellu-
lar responses, and has been identiﬁed as a conserved signal path-
way which link, in various ways, the upstream receptors, or
sensors, and downstream targets. The MAPK pathways consist of
three sequential activating components: MAP kinase kinase kinase
(MAPKKK), MAP kinase kinase (MAPKK) and MAPK [11,12]. Of the
20 MAPK genes in Arabidopsis, AtMPK3 and AtMPK6, two members
from group A, have been implicated in multiple abiotic and biotic
stress tolerance [13]. Rice orthologs of AtMPK3 and AtMPK6,
OsMPK3/OsMAP1/OsWIPK and OsMPK6/OsSIPK, respectively, are also
involved in stress responses such as low-temperature, salinity,
dehydration and wounding [14,15]. Forty-eight potential sub-
strates for AtMPK3 and 39 substrates for AtMPK6 have been iden-
tiﬁed by plant protein microarray analysis [16]. An m-type
thioredoxin, Trx m1, was shown to be one of the potential common
substrates for AtMPK3 and AtMPK6.lsevier B.V. All rights reserved.
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OsTrx23, has an inhibitory function on two stress-activated MAPKs
of rice, OsMPK3 and OsMPK6 in vitro. We also suggest a novel
mechanism of redox regulation of MAPKs in plants.2. Materials and methods
2.1. Plant materials, growth conditions and stress treatment
Rice variety Yukihikari seeds (Oryza sativa L. subsp. Japonica)
were surface-sterilized in 70% ethanol for 2 min and then in 2.5%
NaClO for 30 min with gentle shaking, and then were washed sev-
eral times with sterile water. Sterilized seeds were soaked in dis-
tilled water for 4 d and were then set for germination at 25 C as
previously described [15]. After growing for 7 d, the seedlings were
subjected to 12 C stress; in a growth chamber a mesh grid with
the seedlings were transferred into a container ﬁlled with one-
day pre-chilled (12 C) water. Shoot and root tissues of rice seed-
lings were collected after 0, 1, 2, 4, 6, 12, 24 and 48 h of chilling
stress treatments, were immediately frozen in liquid nitrogen,
and were then stored at 80 C until used.
2.2. DNA sequencing and phylogenetic analysis
DNA sequencing was carried out by using an ABI PRISM 3100
Genetic Analyzer (PE Biosystems, Foster City, CA, USA). A BigDye
Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, USA)
was used for the sequencing reaction. Multiple amino acid align-
ments of the thioredoxin domains, among the Trx h gene families
from rice and Arabidopsis, were performed using the online Clu-
stalW program provided by DDBJ (http://www.nig.ac.jp/search/
clutalm-e.html). The phylogenetic tree was created using the
Neighbor–Joining method.
2.3. RNA gel blot analysis
Total RNA was isolated from shoot and root tissues using TRIzol
reagent (Invitrogen, USA). Ten micrograms of total RNA was then
denatured in formamide and formaldehyde, separated on 1.0% aga-
rose gels, and were then transferred onto Hybond-N+ membranes
(GE Healthcare, USA). The blots were hybridized in Rapid-Hyb Buf-
fer (GE Healthcare, USA) at 65 C with a 32P-labeled OsTrx23 full-
length cDNA fragment, which was ampliﬁed by PCR with primers
(forward primer: 50-CCTCTCTTTGATCTCGTC-30, reverse primer:
50-CTACTACAACACCAGGTG-30). The blots were washed twice with
primary wash buffer (2  SSC, 0.1% SDS) for 15 min at 65 C, and
then washed once with secondary wash buffer (0.2  SSC, 0.1%
SDS) for 15 min at 65 C. The blots were then exposed to Hyperﬁlm
MP X-ray ﬁlm (GE Healthcare, USA) for signal detection.
2.4. Molecular cloning, recombinant protein production and
puriﬁcation
The ORFs of OsSK1 (AK068737, Os01g0252100) (50-GGAT
CCATGGGTTCAGTAGGGGT-30, 50-GAATTCTACTCCTGCATAGGAG-
CA-30), OsMPK3 (50-GGATCCATGGACGGGCGC-30, 50-GAATTCATA-
CCGGATGTTTGGGTTCAT-30) and OsMPK6 (50-GGATCCATG-
GACGCCGGGG-30, 50-GAATTCCTGGTAATCAGGGTTGAA-30) were
PCR-ampliﬁed and fused in-frame to pGEX-6P-3 (GE Healthcare,
USA) to produce N-terminal glutathione S-transferase (GST)-fused
proteins. The ORF of OsTrx23 cDNA (AK121423) was ampliﬁed with
primers, 50-GGATCCAATGGCCGCCGAGG-30 and 50-GTCGACGGCA-
GAAGCAGATGCA-30, and was then cloned into pQE31 (Qiagen,
USA) to produce an in-frame N-terminal 6 His-tag fusion protein.
The GST-OsMPK3, GST-OsMPK6 and His-OsTrx23 recombinantproteins were produced and puriﬁed according to the manufac-
turer’s instructions. Brieﬂy, E. coli BL21 (DE3) containing pGEX-
6P-OsMPK3, pGEX-6P-OsMPK6 and E. coli M15 containing
pQE31-OsTrx23 was cultured at 37 C in LB medium containing
50 lg/ml ampicillin until an OD600 of 0.40–0.60 was reached. Iso-
propyl-b-D-thiogalactopyranoside (IPTG) was subsequently added
to a ﬁnal concentration of 1 mM and the cultures were further in-
duced at 20 C for 10 h. E. coli cells were collected by centrifuga-
tion, washed with Tris-buffered saline (TBS), and resuspended in
1  TBS. Cells were sonicated for 4 min at an interval of 15 s. The
sonicated solutions were then centrifuged and the total soluble
fraction (supernatant) was afﬁnity puriﬁed with a Glutathione-Se-
pharose 4B (GE Healthcare, USA) or a His-band Column (Novagen,
USA). Eluted GST, GST-OsMPK3, GST-OsMPK6 and His-OsTrx23
proteins were concentrated in 10 mM Tris buffer (pH 7.5).
2.5. Preparation of the reduced and oxidized forms of OsTrx23
The oxidized form of His-OsTrx23 was prepared as described by
Baker et al. [17]. Brieﬂy, the reduced form of His-OsTrx23, prepared
as described above, was incubated with 5 mM diamide at room
temperature for 3 h. The reaction was terminated by exchanging
the buffer twice with 1 phosphate-buffered saline (PBS) using
the Microcon Ultracel YM-10 (Millipore, USA). The concentration
of the oxidized thioredoxin h was measured by the Bradford Pro-
tein Assay (Bio-Rad, USA).
2.6. In vitro protein kinase assay
An in vitro protein kinase assay was performed according to
Zhang et al. [18] with minor modiﬁcation as follows. One micro-
gram of puriﬁed GST-OsMPK3 or GST-OsMPK6 was incubated with
different concentrations of OsTrx23 or GSH in the kinase reaction
buffer (50 mM Tris, pH 7.5, 25 mM ATP, 10 mM MgCl2, 10 mM
MnCl2, 1 mM EGTA, 1 mM DTT) with 1 lCi [c-32P]-ATP and
0.25 lg/ll Myelin basic protein (MBP) at 30 C for 30 min. When
the kinase activity was measured, using OsTrx23 as a substrate,
OsTrx23 (0.25 lg/ll) was added in place of MBP. For a two-step ki-
nase assay, GST-OsMPK3 and GST-OsMPK6 were ﬁrst incubated
with GST-OsMKK6 (0.5 mg) and 50 mM unlabelled ATP in the ki-
nase reaction buffer prior to the incubation with a speciﬁc sub-
strate. The reaction was terminated by adding an equal volume
of 2 SDS loading buffer (50 mM Tris.HCl, pH 6.8, 2% SDS, 10% glyc-
erol, 0.01% bromophenol blue) and then boiling at 100 C for 5 min.
Kinase activities were determined by autoradiography after 15%
SDS–PAGE.3. Results
3.1. OsTrx23 is a major, cold-induced, thioredoxin h in rice
Phylogenetic analysis of rice and Arabidopsis sequences re-
vealed a common grouping of thioredoxin h in these two plant spe-
cies. Subgroup I contained three rice members, OsTrx23, OsTrx26
and OsTrx30, as well as four Arabidopsis members, AtTrx h1, AtTrx
h3, AtTrx h4 and AtTrx h5. Subgroup II involved two rice members,
OsTrx10 and OsTrx24, as well as three Arabidopsis members, AtTrx
h2, AtTrx h7 and AtTrx h8. The subgroup III thioredoxin h proteins
exhibit an unusual active site (WCXXS) and an N-terminal exten-
sion, and include four rice and four Arabidopsis members (Fig. 1).
Among the nine Trx h genes found in rice, we focused our re-
search on OsTrx23, because OsTr23, together with OsTrx10, showed
cold-induced expression in our microarray data (Kato et al. unpub-
lished). Northern blot analysis determined detailed expression pat-
tern of OsTrx23 in response to chilling (12 C) stress (Fig. 2).
Fig. 1. Phylogenetic tree of the h-type thioredoxins identiﬁed in rice and Arabid-
opsis genomes. The thioredoxin domains of nine rice thioredoxin h-encoding genes,
including: OsTrx1 (Os01g07376), OsTrx10 (Os03g58630), OsTrx15 (Os04g53740),
OsTrx18 (Os05g07690), OsTrx20 (Os05g40190), OsTrx23 (Os07g08840), OsTrx24
(Os07g09310), OsTrx26 (Os09g23650) and OsTrx30 (Os12g18360), and eleven
Arabidopsis thioredoxin h-encoding genes, including: AtTrx h1 (At3g51030), AtTrx
h2 (At5g39950), AtTrx h3 (At5g42980), AtTrx h4 (At1g19730), AtTrx h5 (At1g45145),
AtTrx h7 (At1g59730), AtTrx h8 (At1g69880), AtTrx h9 (At3g08710), AtCxxC2
(At3G56420), AtCxxS1 (At2g40790) and AtCxxS2 (At1g11530), respectively, were
aligned with the Clustal W software.
Fig. 3. Phosphorylation of OsTrx23 and Myelin basic protein (MBP) by OsMPK3 and
OsMPK6. His-OsTrx23 (5 lg) or MBP (5 lg) was incubated with 1 lg of GST-
OsMPK3 or GST-OsMPK6 in 20 ll kinase reaction buffer at 30 C for 30 min. GST-
OsMKK6 (0.5 lg) was added to the kinase buffer where indicated. The reaction was
terminated by adding 20 ll of 2 loading buffer and then boiling. Five microliters
from each reaction sample was separated by 15% SDS–PAGE and autoradiographed.
CBB-stained gel image is shown in Supplementary Fig. S1.
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slowly and reached signiﬁcant levels after 24 h of chilling stress
(Fig. 2), which indicates that OsTx23 is involved in the cold stress
response in a rice seedling.
3.2. OsTrx23 is not a substrate for OsMPK3 and OsMPK6 in vitro
Since it was suggested that Trx m1 is a common potential
substrate for AtMPK3 and AtMPK6 [16], we ﬁrst performed yeast
two-hybrid and in vitro pull-down assays in order to detect an
interaction between OsTrx23 and OsMPK3 or OsMPK6. However,
no substantial interaction between OsTrx23 and OsMPK3 or
OsMPK6 was observed in these assays (data not shown).
NetPhos 2.0 Server (http://www.cbs.dtu.dk/services/NetPhos)
predicted that phosphorylation scores of Thr22 and Ser38 were
0.836 and 0.795, respectively, which indicates a high potentialFig. 2. Expression of OsTrx23 in response to 12 C chilling stresses. Total RNA
(10 lg/lane) was extracted from shoot and root tissues of 7-day-old seedlings
exposed to 12 C stress for different time periods. Total RNA blots were hybridized
with an OsTrx23 probe as described under Section 2.for phosphorylation of OsTrx23. Therefore, possible phosphoryla-
tion of OsTrx23 by OsMPK3 and OsMPK6 was tested. MBP exhib-
ited phosphorylation catalyzed by OsMPK3 and OsMPK6, and
was further enhanced by the coexistence of a putative rice MAPKK,
OsMKK6. In contrast, His-OsTrx23 was not phosphorylated by
either of these kinases (Fig. 3). These data suggest that OsTrx23
is not a substrate for OsMPK3 and OsMPK6 in vitro.
3.3. OsTrx23 speciﬁcally inhibits in vitro kinase activities of OsMPK3
and OsMPK6
We next determined the effect of OsTrx23 on the in vitro kinase
activities of OsMPK3 and OsMPK6. As shown in Fig. 4A, OsMPK3
and OsMPK6 strongly phosphorylated MBP in the absence of
OsTrx23, while the kinase activities of OsMPK3 and OsMPK6 were
abolished in the presence of OsTrx23. In contrast, the kinase activ-
ity of OsSK1, a shaggy-like Ser/Thr kinase, did not change irrespec-
tive of the presence of OsTrx23. In addition, other non-reductant
proteins, such as BSA and IgG, had no effect on the changes in
the in vitro kinase activities of OsMPK3 and OsMPK6 (Fig. 4B).
3.4. The in vitro kinase activities of OsMPK3 and OsMPK6 are redox-
controlled
To further clarify the mechanism by which the kinase activities
of OsMPK3 and OsMPK6 are regulated, we determined the in vitro
kinase activities of OsMPK3 and OsMPK6 in the presence of the
oxidized or the reduced form of OsTrx23. The inhibition effect of
the reduced form of OsTrx23 was concentration-dependent and in-
creased within the range tested up to 4 lM (Fig. 5). However, the
oxidized form of OsTrx23 did not show any inhibitory activity onFig. 4. Inhibitory activity of OsTrx23 against OsMPK3 and OsMPK6. (A) MBP kinase
activity was measured for GST-OsMPK3 (1 lg) and GST-OsMPK6 in the presence (+)
or absence () of His-OsTrx23 (4 lM) in the 20 ll kinase reaction buffer. GST-OsSK1
(a rice homolog of AtSK1, 1 lg) was used as a control. (B) MBP kinase activity was
measured for GST-OsMPK3 (1 lg) and GST-OsMPK6 (1 lg) in the presence of BSA
(4 lM) or IgG (4 lM). Five ll from each reaction sample was separated by 15% SDS–
PAGE and autoradiographed. CBB-stained gel images are shown in Supplementary
Fig. S2.
Fig. 5. Effect of redox status of OsTrx23 on in vitro kinase activities of OsMPK3 and
OsMPK6. MBP kinase activity was measured for GST-OsMPK3 (1 lg) and GST-
OsMPK6 (1 lg) in the presence of the indicated concentrations of reduced (red) His-
OsTrx23, oxidized (ox) His-OsTrx23 or GSH in the 20 ll kinase reaction buffer. Five
microliters from each reaction sample was separated by 15% SDS–PAGE and
autoradiographed. CBB-stained gel images are shown in Supplementary Fig. S3.
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inhibited the kinase activities of OsMPK3 and OsMPK6 (Fig. 5),
although GSH required much higher concentrations for inhibition
effects compared to OsTrx23. Together, these data suggest that
the in vitro kinase activities of OsMPK3 and OsMPK6 are redox-
controlled.
4. Discussion
OsTrx23 was initially identiﬁed as an abundant low molecular
weight protein in rice phloem sap [19] and was predicted to be
localized in cytosol because of a lack of N-terminal signal sequence
[10]. In this report, we found that OsTrx23 is a potential negative
regulator of two stress-related MAPKs of rice, OsMPK3 and
OsMPK6.
Phylogenic analysis revealed that OsTrx23 is grouped into Sub-
group I together with AtTrx h1, h3, h4 and h5. All of these thiore-
doxin h proteins in this subgroup contain two thioredoxin
domains. AtTrx h5 is speciﬁcally involved in oxidative stress toler-
ance and W-box-mediated response to pathogen elicitors [3]. Sim-
ilarly, the OsTrx23 mRNA is induced by paraquat stress through a
novel cis-element [9], and the OsTrx23 protein accumulates under
glyphosate-induced oxidative stress in rice leaves [20]. We ob-
served that OsTrx23 is one of the two cold (12 C)-induced Trx h
proteins (Kato et al., unpublished data). Therefore, it will be inter-
esting to determine if induction of Trx23 is triggered by oxidative
stress imposed by a chilling treatment.
Trxs regulate a variety of physiological processes in plants [2,7–
9]. There are two action modes by which Trxs regulate the func-
tions of target proteins. First, Trxs physically interact with, and reg-
ulate the activity of, target proteins by redox-regulated binding
and releasing. For example, human Trx interacts with the N-termi-
nal region of ASK1, an apoptosis signal regulating kinase, and neg-
atively regulates ASK1 activity. Oxidation of Trx induces the release
of Trx from ASK1 and rescues ASK1 activity [21,22]. In the second
mode of action, Trxs exchange the redox state of target proteins
without physical interaction. This mechanism of thiol redox con-
trol is emerging as a major regulatory mechanism in signal trans-
duction [1]. Since no stable interactions were detected between
OsTrx23 and OsMPK3 or OsMPK6, the later may be the case for
OsTrx23.
In plants, many enzymes in the Calvin cycle and C4 pathway,
such as glyceraldehyde 3-phosphate dehydrogenase, FBPase, sedo-
heptulose 1,7-bis phosphatase, phosphoribulokinase and NADP-
Malate Dehydrogenase (NADP-MDH) are redox-regulated [23].However, it is unknown if plant MAPKs are directly regulated
by redox. Our data suggest that OsMPK3 and OsMPK6 are nega-
tively regulated by OsTrx23. A mammalian thioredoxin, TRX, neg-
atively regulates p38 MAP kinase and p38 MAPK-mediated
cytokine expression through scavenging ROS by the reduced form
[24]. MEKK1 is inhibited in vitro directly by GSH-interaction or
glutathionylation in menadione-treated cells [25], and GSH deple-
tion has been shown to activate p38 MAPK in the kidney and liver
[26]. These previous studies have suggested that MAPK signaling
pathways are redox-regulated. Here, our in vitro data suggest that
MAPK can be directly regulated by a redox state.
The mechanism by which OsTrx23 regulates OsMPK3 and
OsMPK6 activities during chilling stress is currently unknown.
However, it is possible to propose a potential model for the action.
In maize, chilling stress (14 C) leads to an immediate increase in
H2O2 levels, which subsequently drops after 6 h [27]. Assuming a
similar transient accumulation of H2O2 occurs in rice during chill-
ing stress, elevated H2O2 levels may activate OsMPK3 and OsMPK6
[28]. Simultaneously, reduced OsTrx23 may be oxidized by direct
scavenging of H2O2 [29] or through peroxiredoxins [2], resulting
in decreased OsTRX23 inhibitory activity against OsMPK3 and
OsMPK6. As the H2O2 levels decrease after the initial transient
induction, the reduced form of Trx23 would prevail to repress
OsMPK3 and OsMPK6. In contrast to the rapid induction of
OsMPK3 in response to chilling (at 12 C) [15], induction of OsTrx23
occurred relatively late (24 h) after initiation of the stress. The
timing of OsTrx23 induction upon chilling stress coincided with
the decline in OsMPK3 expression [15] and kinase activity (Xie et
al., unpublished). These results propose a possible involvement of
OsTrx23 in the repression of OsMPK3 activity after transient
activation in response to chilling stress.
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